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Magnetic bimeron is a topological counterpart of skyrmions in in-plane magnets, which can be used as spin-
tronic information carrier. We report the static properties of bimerons with different topological structures in
a frustrated ferromagnetic monolayer, where the bimeron structure is characterized by the vorticity Qv and he-
licity η. It is found that the bimeron energy increases with Qv, and the energy of an isolated bimeron with
Qv = ±1 depends on η. We also report the dynamics of frustrated bimerons driven by the spin-orbit torques,
which depend on the strength of the damping-like and field-like torques. We find that the isolated bimeron with
Qv = ±1 can be driven into linear or elliptical motion when the spin polarization is perpendicular to the easy
axis. We numerically reveal the damping dependence of the bimeron Hall angle driven by the damping-like
torque. Besides, the isolated bimeron with Qv = ±1 can be driven into rotation by the damping-like torque
when the spin polarization is parallel to the easy axis. The rotation frequency is proportional to the driving cur-
rent density. In addition, we numerically demonstrate the possibility of creating a bimeron state with a higher or
lower topological charge by the current-driven collision and merging of bimeron states with different Qv. Our
results could be useful for understanding the bimeron physics in frustrated magnets.
PACS numbers: 75.10.Hk, 75.10.Jm, 75.70.Ak, 75.70.Kw, 75.78.-n, 12.39.Dc
I. INTRODUCTION
The emerging fields of chiral magnetism and topologi-
cal spintronics are developed through the study of topologi-
cally non-trivial spin textures, which can be found in a vari-
ety of magnetic materials [1–10], and can be used for infor-
mation encoding in data storage and processing devices [1–
10]. An appealing and well-studied topological spin texture
is the magnetic skyrmion in perpendicularly magnetized sys-
tem, the existence of which was theoretically predicted in
1989 [11, 12], and was experimentally observed in 2009 [13].
Since the first experimental observation, magnetic skyrmions
have been extensively studied due to their particle-like na-
ture [14, 15] and large potential in advanced electronic and
spintronic applications [16–30]. So far, the creation, anni-
hilation and manipulation of magnetic skyrmions have been
realized in magnetic multilayers at room temperature [18–
20, 22–30], and a lot of skyrmion-based device applications
have been proposed [31–42] and even demonstrated in room-
temperature experiments [43–45].
Similar to the magnetic skyrmion, the magnetic bimeron is
a topological spin texture in in-plane magnetized system [10,
33, 46–59], which carries an integer topological charge Q and
can be regarded as a topological counterpart of skyrmions. An
isolated bimeron with Q = 1 consists of a pair of merons
with Q = 1/2, however, merons are unstable solutions so
that they exist in magnetic systems in the form of pairs [47–
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‡ E-mail: zhouyan@cuhk.edu.cn
59]. Note that the concept of meron was originated in classical
field theory [60], and has been studied in different fields, such
as quantum Hall systems [61, 62].
In magnetism, bimerons are of great importance to elec-
tronic and spintronic applications. For example, they can be
used to carry binary digital data and can be driven into motion
by spin torques, which are useful for building racetrack-type
memory and information computing devices [53–56, 59]. Re-
cent reports have suggested the existence and manipulation of
bimerons in different magnetic materials, including ferromag-
nets [46, 47, 49, 53–56, 59], antiferromagnets [51, 52, 57], and
frustrated magnets [48]. In particular, a lattice of bimerons
(i.e., a square lattice of merons and antimerons) has been ob-
served in chiral-lattice magnet Co8Zn9Mn3 by using Lorentz
transmission electron microscope in 2018 [63].
However, the dynamics of magnetic bimerons driven by dif-
ferent external forces as well as the static properties of dif-
ferent forms of bimerons still remain elusive, especially for
the bimerons in frustrated magnetic systems. Some most re-
cent studies have focused on the existence and manipulation of
skyrmions in frustrated magnetic systems [48, 64–83]. There-
fore, it is also imperative to study bimerons in frustrated mag-
netic systems, of which the physical properties are essential
for designing future bimeron-based device applications.
In this work, we report the static properties of bimerons
with different values of topological charge Q and helicity
η in a frustrated ferromagnetic monolayer system, where
the bimerons are stabilized by a delicate competition be-
tween frustrated exchange interactions, in-plane magnetic
anisotropy, and long-range dipole-dipole interaction. We also
report the dynamics of frustrated bimerons driven by the
spin-orbit torques, where both the damping-like and field-like
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FIG. 1. (a) Illustration of an isolated magnetic bimeron with Qv =
+1 and η = 0. (b) Illustration of an isolated magnetic skyrmion
withQv = +1 and η = 0. (c) Zoomed top view of a relaxed isolated
bimeron in the FM monolayer in the absence (K = 0) or presence
(K = 0.02) of in-plane magnetic anisotropy. The relaxed bimeron
has Qv = +1 and η = 0. The arrows represent the magnetization
directions. The out-of-plane component of magnetization (mz) is
color coded in (a), (b), and the upper panel of (c). The in-plane
component of magnetization (mx) is color coded in the lower panel
of (c).
torques are taken into account.
II. METHODS
We consider a frustrated ferromagnetic (FM) monolayer
with three competing Heisenberg exchange interactions based
on the J1-J2-J3 model on a simple square lattice [67, 71, 80].
The Hamiltonian is expressed as
H =− J1
∑
<i,j>
mi ·mj − J2
∑
i,j
mi ·mj
− J3
∑
≪i,j≫
mi ·mj −K
∑
i
(mxi )
2 +HDDI, (1)
where mi represents the normalized spin at the site i, |mi| =
1. 〈i, j〉, 〈〈i, j〉〉, and 〈〈〈i, j〉〉〉 run over all the nearest-
neighbor (NN), next-nearest-neighbor (NNN), and next-next-
nearest-neighbor (NNNN) sites in the FM monolayer, respec-
tively. J1, J2, and J3 are the coefficients for the NN, NNN,
and NNNN Heisenberg exchange interactions, respectively.
K is the easy-axis magnetic anisotropy constant, and the x-
axis direction is defined as the easy axis. HDDI represents
the dipole-dipole interaction (DDI), i.e., the demagnetization
term.
The spin dynamics is simulated by using the Object Ori-
ented MicroMagnetic Framework (OOMMF) [84] with peri-
odic boundary condition (PBC) and our extension modules
for the J1-J2-J3 classical Heisenberg model [67, 71, 80], in-
cluding two modules for the NNN and NNNN exchange in-
teractions. The OOMMF conjugate gradient minimizer is em-
ployed for the spin relaxation simulation, which locates lo-
cal minima in the energy surface through direct minimization
techniques [84].
The time-dependent spin dynamics is governed by the
Landau-Lifshitz-Gilbert (LLG) equation [84]
dm
dt
= −γ0m× heff + α
(
m× dm
dt
)
, (2)
where m represents the normalized spin, heff = −δH/δm
is the effective field, t is the time, α is the Gilbert damping
parameter, and γ0 is the absolute gyromagnetic ratio. As for
the spin-orbit torques, which can be generated by harnessing
the spin Hall effect of a heavy metal substrate [3, 4, 6, 7, 9, 10,
31, 32, 85], we consider here both the damping-like torque τ1
and field-like torque τ2, given as
τ1 = −um× (m× p), τ2 = −ξu(m× p), (3)
where u = |γ0~µ0e |
jθSH
2aMS
is the spin torque coefficient and ξ is
the strength of the field-like torque τ2. ~ is the reduced Planck
constant, e is the electron charge, µ0 is the vacuum permeabil-
ity constant, a is the thickness of the FM monolayer (here also
as the lattice constant), j is the applied current density, θSH is
the spin Hall angle, and MS is the saturation magnetization.
p denotes the polarization direction of the spin current. τ1
and τ2 are added to the right-hand side of Eq. (2) when the
considered spin-orbit torques are nonzero.
In this work, the default values for the NN, NNN, and
NNNN exchange interactions are given as [71, 80]: J1 = 30
meV, J2 = −0.8 (in units of J1 = 1), and J3 = −0.6 (in
units of J1 = 1). Note that we have carried out metastability
diagram simulations showing the parameters dependence and
found that the bimeron states can exist in the relaxed sample
for a wide range of J2, J3, and K parameters. The default
values for other parameters are [71, 80]: K = 0.02 (in units
of J1/a3 = 1), θSH = 0.2, α = 0.3, γ0 = 2.211× 105 m A−1
s−1, andMS = 580 kA m−1. The default geometry of the FM
monolayer is set as 20×20×0.4 nm3, and the cubic cells gen-
erated by the spatial discretization is of 0.4 × 0.4 × 0.4 nm3,
i.e., the lattice constant is a = 0.4 nm. Namely, the default
monolayer sample consists of 50× 50 spins.
We define the topological charge Q in the continuum limit
by the formula [1, 10]
Q =
1
4pi
∫
m(r) · (∂xm(r)× ∂ym(r)) d2r. (4)
The topological charge Q counts how many times m(r)
wraps 2-sphere as the coordinate (x, y) spans the whole planar
space. We parametrize the spin texture as
m(r) =m(θ, φ) = (cos θ, sin θ cosφ, sin θ sinφ), (5)
with
φ = Qvψ + η, (6)
where ψ is the azimuthal angle in the y-z plane (0 ≤ ψ < 2pi)
and we assume that θ rotates pi for spins from the bimeron
center to sample edge. Hence, Qv = 12pi
∮
C
dφ is the vorticity
and η is the helicity defined mod 2pi. The internal structure of
a bimeron is described by both Qv and η, and we may index
a bimeron state as (Qv, η) in this work. Note that η = 0 is
identical to η = 2pi.
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FIG. 2. (a) Total energy as a function ofQv for relaxed bimeron states
in the FM monolayer with in-plane magnetic anisotropy (K = 0.02).
Inset shows the total energy difference between the bimeron states
with consecutive vorticity numbers. Note thatQv = 0 corresponds to
the FM state, i.e., all magnetization is aligned along the +x direction
due to the anisotropy. The total energy of the FM state equals 1.45×
10−23 J, which is significantly smaller than that of bimeron states.
(b) Top view of relaxed bimeron states with different Qv in the FM
monolayer with in-plane anisotropy (K = 0.02).
III. RESULTS AND DISCUSSION
A. Static properties of frustrated bimerons
The bimeron [see Fig. 1(a)] in in-plane magnetic system is
a topological counterpart of skyrmion [see Fig. 1(b)] in out-
of-plane magnetic system, both of which carry integer topo-
logical charge Q and can be stabilized in FM monolayers and
ultra-thin films with exchange frustration [48, 64–83]. Note
that the skyrmion withQ = 1 has one out-of-plane core, while
the bimeron with Q = 1 has two opposite out-of-plane cores.
Here we study the static properties of isolated bimerons in
a FM monolayer with competing exchange interactions, in-
plane magnetic anisotropy, and DDI.
We first simulate the metastability diagram of bimerons
for different values of NNN exchange interaction J2, NNNN
exchange interaction J3, and in-plane easy-axis anisotropy
K. We consider both randomly distributed initial spin con-
figuration and the initial spin configuration of an isolated
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FIG. 3. (a) The contribution of different energy terms to the to-
tal energy ETotal of a relaxed isolated bimeron with Qv = ±1, in-
cluding the NN exchange energyENN, NNN exchange energyENNN,
NNNN exchange energyENNNN, anisotropy energyEK, and DDI en-
ergy EDDI. (b) Energies of a relaxed isolated bimeron as functions
of |Qv|. Inset shows the zoomed view of the DDI energy EDDI, the
value of which is much smaller than others.
bimeron with (+1, 0) at the monolayer center. The simu-
lated metastability diagrams are given in Supplemental Ma-
terial (see Supplementary Figs. 1-14) [86]. It is found that
metastable isolated bimerons with Qv = ±1 and bimeron
states with higher topological charges |Qv| > 1 can exist in
certain ranges of J2 and J3, assuming J1 = 1. Note that
the metastability diagrams of frustrated bimerons are similar
to that of frustrated skyrmions (see Refs. 48 and 71). How-
ever, the skyrmion states cannot be spontaneously formed in
the absence of the out-of-plane magnetic anisotropy, while the
metastable bimeron states can be formed even in the absence
of the in-plane magnetic anisotropy. The reason could be the
effect of demagnetization (i.e., the DDI), which is very well
approximated by the in-plane magnetic anisotropy in mono-
layers and ultra-thin films, and favors in-plane spin configu-
rations. Thus, it can contribute to the stability of bimerons of
compact shape and small core size (compare Supplementary
Fig. 10 with Supplementary Fig. 14) [86]. Besides, the size
of relaxed metastable bimeron with Qv = ±1 decreases with
increasing magnitude of the in-plane magnetic anisotropy K,
as shown in Fig. 1(c). In the absence of in-plane anisotropy
(K = 0), the size of the relaxed bimeron with Qv = ±1
equals about 8 times the lattice constant (i.e., 3.2 nm), which
is defined by the diameter of the circle with mx = 0. How-
ever, for the system with K = 0.02, the bimeron size is about
5 times the lattice constant (i.e., 2 nm). On the other hand,
both the upper and lower thresholds of J2 and J3 for stabiliz-
ing bimeron states increase with increasing K [86].
We also investigate bimeron states with different Qv and η
by relaxing the FM monolayer with J2 = −0.8, J3 = −0.6,
and K = 0.02, where a bimeron solution with (Qv, η) at the
monolayer center is given as the initial spin configuration. Af-
ter the relaxation of the system, the spin configuration is a sta-
ble or metastable solution. As shown in Fig. 2, the total energy
of the relaxed bimeron state with η = 0 increases with the ab-
solute value of its vorticity numberQv. For the bimeron states
with the same values of |Qv| and η, their total energies are
identical. For example, the total energies of relaxed isolated
bimerons with (±1, 0) equal 2.89 × 10−20 J. The contribu-
tion of different energy terms to the total energy of an isolated
4bimeron with Qv = ±1 is given in Fig. 3. It can be seen
that in the in-plane magnetic system, the DDI energy contri-
bution is quite small, while the competition between the NN,
NNN, and NNNN exchange energy contributions is obvious
[see Fig. 3(a)]. The NN exchange energy, anisotropy energy,
and DDI energy increase with increasing |Qv|, while the NNN
and NNNN exchange energies decrease with increasing |Qv|
[see Fig. 3(b)].
Note that one could refer to the bimeron with Qv < 0 as
the antibimeron, although the total energy does not depend
on the sign of Qv. The difference between the bimeron and
antibimeron with the same absolute value of Qv lies in the
out-of-plane spin configuration [see Fig. 2(b)]. It is worth
mentioning that the difference between a skyrmion and an an-
tiskyrmion lies in the in-plane spin configuration [87–90].
We also study the energy of a single isolated bimeron with
(±1, 0) for different geometric parameters. As the bimeron
state is a localized solution, its total energy is independent
of the lateral sample’s size, while the total bimeron energy
increases with the thickness of the sample (see Supplemen-
tary Figs. 15 and 16) [86]. For the monolayer sample with a
fixed side length, the bimeron energy shows asymptotic be-
havior as the lattice constant a is reduced (see Supplemen-
tary Figs. 17) [86]. We note that in our monolayer model,
the bimeron energy is identical for samples with odd and even
numbers of spins in the in-plane direction (see Supplementary
Figs. 18) [86].
On the other hand, the total energy difference between two
bimerons with consecutive numbers of Qv is given in the in-
set of Fig. 2. It can be seen that the total energy of an iso-
lated bimeron with Qv = ±1 is larger than the energy in-
crease between two bimerons with consecutive numbers of
Qv. Therefore, considering the topological conservation and
energy minimization of the bimeron system, we predict that a
bimeron withQv = 1 can be merged with a bimeron state with
Qv = n (n is a natural number, n > 1), creating a bimeron
state with a higher Qv = n + 1. Indeed, the merging of a
bimeron with Qv = −1 and a bimeron state with Qv = n will
lead to the formation of a bimeron with lowerQv = n−1. We
will numerically examine this prediction later (see Sec. III B).
Indeed, we point out that the total energy difference grow with
n and may eventually become larger than the energy of an iso-
lated bimeron with Qv = ±1. This phenomenon is known
in nuclear physics when the nuclei with large atomic weight
(i.e., large number of protons and neutrons) eventually be-
come unstable [91]. In our case, these protons and neutrons
are bimerons with Qv = ±1.
As mentioned above, an isolated bimeron with Qv = ±1
has a pair of opposite out-of-plane cores. In Fig. 2(b), it can
be seen that the number of out-of-plane core pair is equal to
|Qv|. The size of the out-of-plane core is independent of Qv,
while the size of the bimeron state increases with Qv. We
note that the bimeron state with |Qv| > 1 can be seen as a
circular chain of bimerons with Qv = ±1, indicating the clus-
ter feature of high-order bimerons with |Qv| > 1. Namely,
the isolated bimerons with Qv = ±1 serve as the funda-
mental quasi-particles, which can form high-order cluster-like
bimeron states. As the total energy of a bimeron state with
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FIG. 4. Top view of relaxed isolated bimerons with Qv = ±1 and
different η in the FM monolayer with in-plane anisotropy (K =
0.02).
0 . 0 0 . 5 1 . 0 1 . 5
2 . 8 9 4
2 . 8 9 6
0 . 0 0 . 5 1 . 0 1 . 5
1 2 . 6 2 0
1 2 . 6 2 1
1 2 . 6 2 2
0 . 0 0 . 5 1 . 0 1 . 5
- 6 . 8 8 3
- 6 . 8 8 2
- 6 . 8 8 1
0 . 0 0 . 5 1 . 0 1 . 5
- 3 . 3 6 8
- 3 . 3 6 7
0 . 0 0 . 5 1 . 0 1 . 5
0 . 0 3 4
0 . 0 3 6
0 . 0 3 8
0 . 0 0 . 5 1 . 0 1 . 5
0 . 4 8 6
0 . 4 8 7
 
E To
tal (1
0-20
 J)
  ( pi)
E NN
 (10
-20
 J)
  ( pi)
E NN
N (1
0-20
 J)
  ( pi)
E NN
NN
 (10
-20
 J)
  ( pi)
E DD
I (10
-20
 J)
  ( pi)
E K (
10-2
0  J)
  ( pi)
FIG. 5. Energies of relaxed isolated bimerons withQv = ±1 and dif-
ferent η in the FM monolayer with in-plane anisotropy (K = 0.02).
Snapshots of relaxed isolated bimerons are given in Fig. 4.
|Qv| = n is smaller than the energy sum of n isolated bimeron
with Qv = ±1, it is envisioned that isolated bimerons with
Qv = ±1 are inclined to form high-order cluster-like bimeron
states in the frustrated in-plane magnetic system. This feature
can be seen from the metastability diagram simulated based
on randomly distributed spin configurations (see Supplemen-
tary Figs. 7-12) [86], where most relaxed bimeron states exist
in the form of high-order cluster-like states. It is noteworthy
that this property of bimerons is in a stark contrast to mag-
netic skyrmions [71]. The high-order skyrmion states with
|Qv| > 1 are usually unstable in either frustrated or common
FM systems.
We continue to study the relaxed isolated bimerons with
Qv = ±1 and different values of helicity η, as shown in
Fig. 4. It can be seen that both the in-plane (my) and out-
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FIG. 6. Total energy difference between the relaxed isolated
bimerons with (+1, pi/2) and (+1, 0). Note that the energy of the
relaxed isolated bimeron with (±1, pi/2) is identical to that with
(±1, 3pi/2), and the energy of the relaxed isolated bimeron with
(±1, 0) is identical to that with (±1, pi) (see Fig. 5).
of-plane (mz) spin configurations of the bimeron structure are
controlled by η, which can be explained by Eq. (6). Figure 5
shows the total energy of the relaxed isolated bimeron with
Qv = ±1 for η = 0, pi/2, pi, 3pi/2. Similar to the frustrated
skyrmion with Qv = ±1 (see Ref. 71), the total energy of an
isolated bimeron with Qv = ±1 depends on its helicity num-
ber η. Namely, the total energies of bimerons with (±1, pi/2)
and (±1, 3pi/2) are larger than that with (±1, 0) and (±1, pi).
It should be pointed out that all energy terms of the frus-
trated bimeron with Qv = ±1 depend on η. However, by
analyzing the energy difference between the isolated bimeron
with η = 0, pi and the isolated bimeron with η = pi/2, 3pi/2
(see Fig. 6), it is found that the energy differences of the NN
exchange, NNN exchange, NNNN exchange, and magnetic
anisotropy almost cancel each other. The total energy differ-
ence is mainly contributed by the DDI energy difference, lead-
ing to energetically favorable bimeron structures with (1, 0)
and (1, pi).
B. Current-driven dynamics of frustrated bimerons
The current-driven dynamics of bimerons is important for
the design and development of future spintronic applications,
in which bimerons are moveable information carriers. Here
we first study the dynamics of a relaxed isolated bimeron with
(+1, 0) driven by the damping-like torque τ1 (i.e., ξ = 0).
Note that we limit our analysis and discussion to the isolated
bimeron with Qv = +1 in this section. The dynamics of
bimeron states with higher Qv will be discussed later.
As the initial state, an isolated bimeron with (+1, 0) is re-
laxed at the center of the FM monolayer with PBC. Note that
η = 0 is identical to η = 2pi, i.e., (+1, 0) = (+1, 2pi). Such
a relaxed bimeron has a lower energy than that with η = pi/2
or η = 3pi/2 (see Sec. III A). We assume that J2 = −0.8,
J3 = −0.6, K = 0.02, and α = 0.3 as default parame-
ters. Other parameters are given in the method section (see
Sec. II). We define the angle between the spin polarization di-
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FIG. 7. (a) Bimeron velocity v as a function of driving current den-
sity. The isolated bimeron with (+1, 2pi) is driven by the damping-
like torque τ1. The spin polarization direction is aligned along the
+y (i.e., ϕ = 90◦) or −y (i.e., ϕ = 270◦) direction. Namely,
the spin polarization is perpendicular to the easy axis of anisotropy.
(b) Bimeron Hall angle θ as a function of driving current density.
θ = arctan(vy/vx). (c) Bimeron helicity η as a function of driving
current density. Note that the yellow area indicates that the dynam-
ics of bimeron driven by τ1 with ϕ = 270◦ changes from the linear
motion with a constant velocity to the elliptical motion with an os-
cillating velocity. Thus, the bimeron velocity, bimeron Hall angle
and bimeron helicity in the yellow area are average values for the
bimeron driven by τ1 with ϕ = 270◦. The bimeron driven by τ1
with ϕ = 90◦ always shows a linear motion for the given range of
driving current density.
rection and the +x direction in the x − y plane as ϕ, and we
first focus on the situation that the spin current is polarized
along the +y (i.e., ϕ = 90◦) or −y (i.e., ϕ = 270◦) direction.
Namely, the spin polarization is perpendicular to the easy axis
of anisotropy. This spin polarization configuration can be re-
alized by harnessing the spin Hall effect [3, 4, 6, 7, 9, 10, 32],
where a charge current flows along the±x direction in a heavy
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FIG. 8. (a) Trajectories of the bimeron with (+1, 2pi) driven by the damping-like torque τ1. The spin polarization direction is aligned along the
+y (i.e., ϕ = 90◦) or −y (i.e., ϕ = 270◦) direction. Namely, the spin polarization is perpendicular to the easy axis of anisotropy. The driving
current density j = 40 MA cm−2. The arrow denotes the motion direction. (b) Bimeron velocity v as a function of time corresponding to (a).
(c) Bimeron helicity η as a function of time corresponding to (a). (d) Trajectories of the bimeron with (+1, 2pi) driven by the damping-like
torque τ1 at j = 400 MA cm−2. (e) Bimeron velocity v as a function of time corresponding to (d). (f) Bimeron helicity η as a function of time
corresponding to (d). Once the elliptical motion of bimeron is induced, its velocity v and helicity η vary with time.
metal substrate.
When the spin current with either ϕ = 90◦ or ϕ = 270◦
is applied, the relaxed isolated bimeron with Qv = +1 will
be driven into linear motion with a constant velocity. The
bimeron velocity v, bimeron Hall angle θ = arctan(vy/vx),
and bimeron helicity η as functions of driving current density
j are given in Fig. 7. The bimeron driven by the spin current
with ϕ = 90◦ moves toward the left direction and shows a
bimeron Hall angle of θ ∼ 162◦, while the bimeron driven
by the spin current with ϕ = 270◦ moves toward the right
direction and shows a bimeron Hall angle of θ ∼ 342◦ [see
Fig. 8(a)]. The bimeron velocity is linearly proportional to the
driving current density for stable linear motion. We note that
such a steady linear motion of bimeron driven by the damping-
like torque τ1 can also be described by Thiele equations (see
Supplementary Note 1) [86, 92], provided that the bimeron
is a rigid object during the motion (i.e., the shape, size and
helicity are fixed).
However, it should be noted that the bimeron Hall angle
θ slightly increases with increasing current density, and the
bimeron helicity η slightly decreases with increasing current
density. The reason is that a large current leads to the dis-
tortion of bimeron. In particular, when the current density
is larger than 300 MA cm−2, the dynamic behavior of the
bimeron driven by the damping-like torque with ϕ = 270◦
suddenly changes from linear motion to elliptical motion with
rotating helicity. Both the velocity and helicity vary with time.
Figure 8(a) shows the bimeron trajectories driven by a small
current density j = 40 MA cm−2. The corresponding veloc-
ity [Fig. 8(b)] and helicity [Fig. 8(c)] are independent of time.
Figure 8(d) shows the bimeron trajectories driven by a large
current density j = 400 MA cm−2. It can be seen that the
bimeron driven by the damping-like torque with ϕ = 270◦
shows a counterclockwise elliptical motion. Its velocity os-
cillates between ∼ 61 m s−1 and ∼ 127 m s−1 [Fig. 8(e)].
Its helicity varies between 2pi and ∼ 0, indicating a counter-
clockwise rotation of the bimeron. Note that when the spin
polarization is aligned along the +y direction (i.e., ϕ = 90◦),
the bimeron still shows a linear motion at j = 400 MA cm−2,
of which the velocity and helicity are equal to ∼ 135 m s−1
and ∼ 1.9pi, respectively.
As the bimeron structure with (+1, 0) [i.e., (+1, 2pi)] is
asymmetric with respect to the x axis (i.e., the easy axis),
we find that the threshold current density for the transition
of bimeron dynamics is different for ϕ = 90◦ and ϕ = 270◦.
Indeed, the bimeron driven by the damping-like torque with
ϕ = 90◦ also changes from linear motion to counterclockwise
elliptical motion when j ≥ 600 MA cm−2 (see Supplemen-
tary Fig. 19) [86]. However, one should note that the dynam-
ics driven by large current density may be unrealistic from
the point of view of experiments. Also, the dynamics driven
by large current density cannot be analyzed by simple Thiele
equations due to the current-induced distortion and instability
of bimeron, but rather require much more complicated anal-
ysis based on generalized Thiele equations involving many
collective coordinates [93, 94]. Therefore, in this work, we
focus on the bimeron dynamics driven by a moderate current
density, i.e., j ≤ 300 MA cm−2.
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FIG. 9. (a) Period of bimeron rotation T as a function of driving cur-
rent density. The bimeron with Qv = +1 is driven by the damping-
like torque τ1. The spin polarization direction is aligned along the
+x (i.e., ϕ = 0◦) or −x (i.e., ϕ = 180◦) direction. Namely, the
spin polarization is parallel to the easy axis of anisotropy. (b) Fre-
quency of bimeron rotation f as a function of driving current den-
sity. (c) Bimeron helicity η as a function of time. The bimeron with
Qv = +1 is driven by τ1 with ϕ = 0◦. The driving current density
j = 10 MA cm−2. (d) Bimeron helicity η as a function of time. The
bimeron with Qv = +1 is driven by τ1 with ϕ = 180◦. The driving
current density j = 10 MA cm−2.
We continue to the investigate the bimeron dynamics driven
by the damping-like torque, of which the spin polarization
direction is aligned along the ±x direction (i.e., ϕ = 0◦ or
ϕ = 180◦). Namely, the spin polarization is parallel to the
easy axis of anisotropy. Such a spin polarization configuration
can be realized by injecting a charge current flowing along the
±y direction in a heavy metal substrate. An isolated bimeron
with (+1, 0) is relaxed at the center of the FM monolayer with
PBC as the initial state.
When the spin current with either ϕ = 0◦ or ϕ = 180◦ is
applied, the relaxed isolated bimeron with Qv = +1 will be
driven into rotation with a specific rotation period T and fre-
quency f , which is in stark contrast to the case driven by the
damping-like torque with ϕ = 90◦ or ϕ = 270◦. Namely, no
linear motion is induced by the damping-like torque τ1 with
ϕ = 0◦ or ϕ = 180◦, which is in line with the results re-
ported in Ref. 53 and can also be found by Thiele equations
(see Supplementary Note 1) [86].
It is found that the bimeron rotation period T decreases with
the driving current density [see Fig. 9(a)]. The bimeron rota-
tion frequency f is almost linearly proportional to the driving
current density [see Fig. 9(b)]. The bimeron driven by the
damping-like torque with ϕ = 0◦ shows a counterclockwise
rotation, while the bimeron driven by the damping-like torque
with ϕ = 180◦ shows a clockwise rotation. The helicity of the
rotating bimeron as a function of time is given in Fig. 9. The
time-dependent helicity numbers of rotating bimerons driven
by the damping-like torque with ϕ = 0◦ and ϕ = 180◦ are
given in Figs. 9(c) and 9(d), respectively.
From the viewpoint of applications, the isolated bimerons
showing the linear motion can be used as information carri-
ers in data storage devices, such as the racetrack-type mem-
ory. On the other hand, the isolated bimerons showing rota-
tion or elliptical motion can be used to generate spin waves in
low-damping materials, which may be used for building nano-
oscillators. In the following, we focus on the stable linear mo-
tion of an isolated bimeron and study the effects of damping
parameter α and field-like torque τ2 on the dynamics.
The initial state is also a relaxed isolated bimeron with
(+1, 0) at the center of the FM monolayer with PBC. The spin
current with a polarization direction of ϕ = 90◦ is applied
to drive the bimeron into stable linear motion. The driving
current density ranges from 10 MA cm−2 to 300 MA cm−2.
Note that only the damping-like torque τ1 is applied here (i.e.,
ξ = 0). Figure 10(a) shows the velocity of bimeron as a func-
tion of driving current density for different damping parame-
ters. It can be seen that the velocity is proportional to the driv-
ing current density, while the velocity decreases with increas-
ing damping parameter for a given driving current density [see
Fig. 10(b)]. Figure 10(c) shows the bimeron Hall angle as a
function of driving current density for different damping pa-
rameters. The bimeron Hall angle increases with driving cur-
rent density. The dependence of bimeron Hall angle on the
driving current density is significant for larger damping pa-
rameter. For a given driving current density, the bimeron Hall
angle is inversely proportional to the damping parameter [see
Fig. 10(d)]. Smaller driving current density leads to larger
slope of the θ-α relation. Figure 10(e) shows the bimeron
helicity as a function of driving current density for different
damping parameters. The bimeron helicity slightly decreases
with increasing driving current density. For a given driving
current density, the bimeron helicity decreases with increas-
ing damping parameter, which is remarkable for larger driving
current density [see Fig. 10(f)].
In order to study the effect of field-like torque τ2 on the
bimeron dynamics, we apply a spin current with a polarization
direction of ϕ = 90◦ to drive the bimeron with (+1, 0). The
driving current density ranges from 10 MA cm−2 to 100 MA
cm−2. Both the damping-like τ1 and field-like τ2 torques are
applied. It is found that the bimeron could be driven into linear
motion or elliptical motion with rotation in the presence of
field-like torque τ2, which depends on the strength of the field-
like torque ξ as well as the driving current density j. We also
find that the threshold value of the field-like torque strength ξ,
beyond which the elliptical motion is induced, decreases with
increasing driving current density.
For the stable linear motion of bimeron driven by both
damping-like and field-like torques, the velocity as a function
of the field-like torque strength ξ for different driving current
densities is given in Fig. 11(a). Note that only the velocity of
stable linear motion is given, while the velocity of elliptical
motion varies with time [see Fig. 8(e)] and thus, is not given
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FIG. 10. (a) Bimeron velocity v as a function of driving current density for different damping parameters α. The bimeron with (+1, 0) is
driven by τ1 with ϕ = 90◦. The bimeron shows stable linear motion. (b) Bimeron velocity v as a function of damping parameter for different
driving current densities. (c) Bimeron Hall angle θ as a function of driving current density for different damping parameters. (d) Bimeron
Hall angle θ as a function of damping parameter for different driving current densities. (e) Bimeron helicity η as a function of driving current
density for different damping parameters. (f) Bimeron helicity η as a function of damping parameter for different driving current densities.
The labels for curves with light and dark colors are given in (a) and (d), respectively.
in Fig. 11(a). It can be seen that the velocity of stable linear
motion is independent of the field-like torque strength ξ for a
given driving current density. However, for the linear motion
of bimeron driven by a given current density, the bimeron Hall
angle θ increases with increasing field-like torque strength ξ,
and the slope of the θ-ξ relation increases with the driving cur-
rent density, as shown in Fig. 11(b). Figure 11(c) shows the
bimeron helicity as a function of the field-like torque strength
ξ for different driving current densities. The bimeron helic-
ity decreases with increasing field-like torque strength ξ for
a given driving current density. Also, the bimeron helicity
decreases faster with increasing field-like torque strength ξ
when the driving current density is larger. The dependence
of bimeron Hall angle and helicity on the field-like torque
strength ξ indicates that the field-like torque τ2 can deform
the bimeron.
For a given driving current density, the bimeron will be
driven into elliptical motion accompanied by rotation when
the field-like torque strength ξ is larger than a certain thresh-
old. Figure 11(d) shows the trajectories of bimeron driven by
the spin current of j = 100 MA cm−2 for different strength ξ
of the field-like torque. The current-driven bimeron shows lin-
ear motion when ξ ≤ 1, while it shows elliptical motion when
ξ ≥ 2. Similar to the elliptical motion induced by a large
damping-like torque τ1 with ϕ = 0◦ or ϕ = 180◦, the period
of the bimeron rotation decreases with the field-like torque
strength ξ [see Fig. 11(e)], and the bimeron rotation frequency
is linearly proportional to the field-like torque strength ξ [see
Fig. 11(f)].
Although the isolated bimeron withQv = +1 can be driven
into linear motion by the damping-like torque τ1 with a mod-
erate driving current density and a spin polarization aligned
along the ±y direction (i.e., ϕ = 90◦ or ϕ = 270◦), we note
that motion direction of the isolated bimeron also depends on
its helicity η (see Supplementary Fig. 20 and Supplementary
Note 1) [86], which can also be discerned from the elliptical
motion dynamics [cf. Figs. 8(d) and 8(f)]. However, since
the cluster-like bimeron state with a higher vorticity number
|Qv| = n (n ≥ 2) can be regarded as a composite of n iso-
lated bimerons with Qv = ±1 with varied helicity numbers
[see Fig. 2(b)], the helicity-dependent driving forces acting
on each bimeron with Qv = ±1 could cancel each other. As
a result, the cluster-like bimeron state with a higher vortic-
ity number cannot be driven into directional motion by the
damping-like torque τ1 with ϕ = 90◦ or ϕ = 270◦. Such a
phenomenon can also be found by Thiele equations (see Sup-
plementary Note 1) [86], where the driving-force-related ten-
sor is equal to zero for spin configurations of bimeron states
with |Qv| > 1, indicating the total driving force provided by
the damping-like torque τ1 on bimeron states with |Qv| > 1
equals zero.
Therefore, we find it is possible to bombard a cluster-like
bimeron state having higher Qv with an isolated bimeron
having Qv = ±1. Figure 12 shows the snapshots of the
computational experiment on the collision and merging of
bimeron states. We put a relaxed cluster-like bimeron state
withQv = +4 at the left side of the sample, and a relaxed iso-
lated bimeron with Qv = +1 at the right side of the sample.
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FIG. 11. (a) Bimeron velocity v as a function of field-like torque strength ξ for different driving current densities. The bimeron with (+1, 0)
is driven by τ1 and τ2 with ϕ = 90◦. Only the velocity of linear motion is given. (b) Bimeron Hall angle θ as a function of field-like torque
strength ξ for different driving current densities, corresponding to (a). (c) Bimeron helicity η as a function of field-like torque strength ξ for
different driving current densities, corresponding to (a). (d) Trajectories of bimeron driven by τ1 and τ2 with ϕ = 90◦ for different field-like
torque strength ξ at j = 100 MA cm−2. The dynamics of the bimeron with (+1, 0) changes from linear motion to elliptical motion with
rotation when ξ ≥ 1. Once the elliptical motion of bimeron is induced, its velocity v and helicity η vary with time. (e) Period of bimeron
rotation T as a function of field-like torque strength ξ, corresponding to (d). (f) Frequency of bimeron rotation f as a function of field-like
torque strength ξ, corresponding to (d).
Then, we apply a spin current with j = 100 MA cm−2 and
ϕ = 90◦ to the sample. Note that we only use the damping-
like torque τ1 for the sake of simplicity. Once the driving
current is applied, it is found that the isolated bimeron with
Qv = +1 moves toward the left direction, while the cluster-
like bimeron state with Qv = +4 keeps still. Hence, the col-
lision and merging between the two bimeron states lead to the
creation of a cluster-like bimeron state with Qv = +5. In a
similar way, if we put an isolated antibimeron with Qv = −1
at the right side of the sample, the collision and merging
between the isolated antibimeron with Qv = −1 and the
bimeron state with Qv = +4 lead to the creation of a cluster-
like bimeron state with Qv = +3. It can be seen that the
topological charge of the whole system is conserved during
the collision and merging of bimeron states.
As discussed in Sec. III A [see Fig. 2(a)], due to the energy
minimization of the bimeron system, the isolated bimeron
with Qv = +1 can be merged with a bimeron state with
Qv = n, forming a bimeron state with a higher Qv = n + 1.
Also, the merging of an isolated antibimeron with Qv = −1
and a bimeron state with Qv = n will lead to the formation of
a bimeron state with lower Qv = n − 1. The total energy of
the bimeron system is reduced after the collision and merging.
Such a process is verified by the computational experiment on
the collision and merging of bimeron states. In principle, it is
possible to change the topological charge of a bimeron state
by the bimeron collision and merging, which is worth investi-
gating in future experiments.
IV. CONCLUSION
In conclusion, we have numerically studied the static and
dynamic properties of bimerons in a ferromagnetic monolayer
system with competing exchange interactions. A candidate
material for such a system could be the low-dimensional com-
pound Pb2VO(PO4)2 [95], which has a frustrated square lat-
tice with small ferromagnetic nearest-neighbor exchange in-
teraction and strong antiferromagnetic next-nearest-neighbor
exchange interaction.
We considered the long-range dipole-dipole interaction in
our simulations, which has not been considered in other stud-
ies [48, 53]. Although the long-range dipole-dipole inter-
action is small in in-plane monolayer system, it can lead
to the helicity dependence of the isolated bimeron energy
for Qv = ±1, which is essential for the helicity-dependent
bimeron dynamics. The bimeron states can be stabilized by
the exchange frustration both in the presence and absence of
in-plane magnetic anisotropy, and the presence of in-plane
magnetic anisotropy could result in a smaller bimeron.
In Sec. III A, we studied the energies of bimeron states in
the presence of finite in-plane magnetic anisotropy. The total
energy of a bimeron state increases with its vorticity number
Qv. On the other hand, the total energy of a bimeron with
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FIG. 12. (a)-(d) Current-induced collision and merging of an isolated
bimeron with Qv = +1 and a bimeron state with Qv = +4 leads to
the formation of a bimeron state with Qv = +5. (e)-(f) Current-
induced collision and merging of an isolated antibimeron with Qv =
−1 and a bimeron state with Qv = +4 leads to the formation of
a bimeron state with Qv = +3. The out-of-plane component of
magnetization (mz) is color coded: blue is into the plane, red is out
of the plane, white is in-plane. Here, j = 100 MA cm−2, ϕ = 90◦,
ξ = 0, α = 0.1. Note that the damping-like torque τ1 cannot drive
the cluster-like bimeron state with |Qv| > 1 into motion.
Qv = ±1 depends on its helicity η, for example, the states
with η = 0 and η = pi have a lower energy compared to
that with η = pi/2 and η = 3pi/2. Although the contribution
of the dipole-dipole interaction energy to the total energy of
a bimeron is small, the energy dependence on the helicity is
induced by the dipole-dipole interaction, similar to the case
of frustrated skyrmions [71]. We note that the bimeron state
with a higher vorticity number |Qv| > 1 can be seen as a
cluster-like state formed by a circular chain of bimerons with
Qv = ±1. In this work, however, we mainly focused on the
isolated bimeron with Qv = ±1.
In Sec. III B, we studied the dynamics of a single isolated
bimeron with Qv = +1 driven by the spin-orbit torques,
including the damping-like and field-like torques. For the
bimeron driven by the damping-like torque, the current-
induced dynamics depends on the spin polarization direction
p with respect to the easy-axis direction. Note that the easy
axis of in-plane magnetic anisotropy is aligned along the x
axis in this work.
When the spin polarization is perpendicular to the easy axis
(i.e., ϕ = 90◦ or ϕ = 270◦), the bimeron with Qv = +1
can be driven into stable linear motion for a moderate driving
current density. The velocity and helicity for the stable linear
motion are independent of time. For the linear motion of a
bimeron, the bimeron Hall angle is inversely proportional to
the damping parameter. However, when the driving current
density is larger than a certain threshold, the bimeron can be
driven into elliptical motion accompanied by rotation. Both
the velocity and helicity vary with time during the elliptical
motion. We note that the dynamics of a single isolated an-
tibimeron with Qv = −1 is similar to the case of Qv = +1
(see Supplementary Fig. 21) [86].
When the spin polarization is parallel to the easy axis (i.e.,
ϕ = 0◦ or ϕ = 180◦), the bimeron with Qv = +1 will be
driven into rotation only. The rotating bimeron has a constant
frequency that is almost linearly proportional to the driving
current density.
For the bimeron withQv = +1 driven by both the damping-
like and field-like torques with a spin polarization perpendicu-
lar to the easy axis (i.e., ϕ = 90◦), the bimeron dynamics will
change from the linear motion to the elliptical motion when
the field-like torque strength is larger than a certain threshold.
In the case of the linear motion (i.e., ξ is small), the bimeron
Hall angle and bimeron helicity can be changed by the field-
like torque, especially for the bimeron driven by a large cur-
rent density. In the case of the elliptical motion induced by the
field-like torque (i.e., ξ is large), the frequency of the bimeron
rotation is linearly proportional to the strength of the field-like
torque.
In Sec. III B, we also performed a computational experi-
ment on the current-driven collision and merging of bimeron
states, namely, we used an isolated bimeron with Qv = ±1
to bombard a cluster-like bimeron state with a higher topo-
logical charge. The collision and merging between the iso-
lated bimeron and cluster-like bimeron state lead to the for-
mation of a new bimeron state. The topological charge of the
whole system during the bimeron collision and merging pro-
cess is conserved, while the total energy of the whole system
is reduced. The bimeron collision and merging experiment
shows the possibility that one can create a bimeron state with
a higher or lower topological charge by triggering the collision
and merging of isolated bimerons with Qv = ±1.
Last, we point out both the advantages and disadvantages
of frustrated bimerons compared to typical skyrmions. First,
from the point of view of spintronic applications, both frus-
trated bimerons and skyrmions are useful for information stor-
age. Namely, the frustrated bimerons and skyrmions [53,
67, 70, 71, 80] showing the directional linear motion can be
used as building blocks for the racetrack-type memory, where
bimerons and skyrmions serve as robust and movable infor-
mation carriers. In particular, as mentioned in Ref. 53, the
smaller stray fields in in-plane magnetized nanotracks allow
for a denser array in three dimensions, and thus allow for a
higher packing density and storage density of bimeron-based
racetrack-type memory. On the other hand, the elliptical mo-
tion of frustrated bimerons and the circular motion of frus-
trated skyrmions [65, 67, 71, 80] can be used to build spin-
tronic devices like nano-oscillators. Also, the rotating frus-
trated bimeron can be used as a spin-wave source in nanoscale
magnonic devices.
Indeed, compared to typical skyrmions, frustrated bimerons
11
also have some unique properties, which may lead to limi-
tations in spintronic applications. For example, the isolated
frustrated bimerons with Qv = ±1 are inclined to form high-
order cluster-like bimeron states, however, the high-order
bimeron states with |Qv| > 1 cannot be driven into linear
motion by the damping-like torque. Consequently, it is unre-
alistic to use the high-order bimeron states with |Qv| > 1 in
bimeron shift memory devices. Nevertheless, it is still en-
visioned that the high-order cluster-like bimeron states can
be used as information carriers in multi-state magnetic mem-
ory devices. We believe that our results are useful for under-
standing the bimeron physics in frustrated magnets, and could
provide guidelines for building bimeron-based spintronic de-
vices.
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